Although antenatal infection is thought to play an important role in the pathogenesis of preterm labor and neonatal diseases, the exact mechanisms are largely unknown. We sought to clarify the relationship between antenatal infection and intrauterine and neonatal inflammation. Samples were obtained from 41 preterm infants of Ͻ33 wk gestation delivered to 36 mothers and analyzed for the presence of 16s ribosomal RNA (16s rRNA) genes using PCR and for the proinflammatory cytokines IL-6 and IL-8. In 16 (44%) mother-baby pairings, at least one sample was found to be positive for the presence of 16s rRNA genes. All but one of the positive samples were from mothers presenting with preterm prelabor rupture of membranes (pPROM) or in spontaneous idiopathic preterm labor. A strong association was found between the presence of 16s rRNA genes and chorioamnionitis and with funisitis. A marked increase in IL-6 and IL-8 was noted in all tissues positive for 16s rRNA genes, including placenta, fetal membranes, cord blood serum, and, where samples were available, in bronchoalveolar lavage fluid (BAL) and in amniotic fluid. Interestingly, gastric fluid was always positive for 16s rRNA genes if any other intrauterine or BAL sample was positive, suggesting that this sample may provide an alternative to amniotic fluid to identify antenatal infection. In conclusion, we have found that microbial genes are particularly prevalent in pPROM and spontaneous preterm labor groups and that their presence is strongly associated with a marked intrauterine inflammatory response. (Pediatr Res 57: 570-577, 2005) Abbreviations BAL, bronchoalveolar lavage CLD, chronic lung disease pPROM, preterm prelabor rupture of membranes rRNA, ribosomal RNA Preterm birth is the most common cause of neonatal death (1) and is associated with increased neonatal morbidity and childhood disability (2,3). Evidence from studies over the past two decades suggests that subclinical infection and inflammation of the amnion/chorion/decidua is implicated in the pathogenesis of pPROM and "spontaneous" preterm labor (4,5). More recently, intrauterine infection/inflammation has been associated with neonatal morbidity, including white matter cerebral lesions (6 -8) and CLD (9 -11). It has been estimated that as many as 40% of spontaneous preterm births may be attributed to antenatal infection (12). Furthermore, because many infections are subclinical and the women have often been treated with antibiotics, culture results may underestimate the "true" infection rates.
Although antenatal infection is thought to play an important role in the pathogenesis of preterm labor and neonatal diseases, the exact mechanisms are largely unknown. We sought to clarify the relationship between antenatal infection and intrauterine and neonatal inflammation. Samples were obtained from 41 preterm infants of Ͻ33 wk gestation delivered to 36 mothers and analyzed for the presence of 16s ribosomal RNA (16s rRNA) genes using PCR and for the proinflammatory cytokines IL-6 and IL-8. In 16 (44%) mother-baby pairings, at least one sample was found to be positive for the presence of 16s rRNA genes. All but one of the positive samples were from mothers presenting with preterm prelabor rupture of membranes (pPROM) or in spontaneous idiopathic preterm labor. A strong association was found between the presence of 16s rRNA genes and chorioamnionitis and with funisitis. A marked increase in IL-6 and IL-8 was noted in all tissues positive for 16s rRNA genes, including placenta, fetal membranes, cord blood serum, and, where samples were available, in bronchoalveolar lavage fluid (BAL) and in amniotic fluid. Interestingly, gastric fluid was always positive for 16s rRNA genes if any other intrauterine or BAL sample was positive, suggesting that this sample may provide an alternative to amniotic fluid to identify antenatal infection. In conclusion, we have found that microbial genes are particularly prevalent in pPROM and spontaneous preterm labor groups and that their presence is strongly associated with a marked intrauterine inflammatory response. (Pediatr Res 57: 570-577, 2005) Abbreviations BAL, bronchoalveolar lavage CLD, chronic lung disease pPROM, preterm prelabor rupture of membranes rRNA, ribosomal RNA Preterm birth is the most common cause of neonatal death (1) and is associated with increased neonatal morbidity and childhood disability (2, 3) . Evidence from studies over the past two decades suggests that subclinical infection and inflammation of the amnion/chorion/decidua is implicated in the pathogenesis of pPROM and "spontaneous" preterm labor (4, 5) . More recently, intrauterine infection/inflammation has been associated with neonatal morbidity, including white matter cerebral lesions (6 -8) and CLD (9 -11) . It has been estimated that as many as 40% of spontaneous preterm births may be attributed to antenatal infection (12) . Furthermore, because many infections are subclinical and the women have often been treated with antibiotics, culture results may underestimate the "true" infection rates.
Many studies have used amniotic fluid to identify antenatal intrauterine infection. The organisms commonly identified are vaginal commensals, suggesting ascending infection as a route of entry to the uterine cavity (13) . Few studies have investigated other components of the uterine cavity to accurately identify the presence of infection and the nature of the relationship between such infection and inflammation. A clear association has been demonstrated between chorioamnionitis and intrauterine infection (14 -16) . Often, intrauterine inflammation, including chorioamnionitis, is considered synonymous with intrauterine infection (4, 17) . However, in many cases of chorioamnionitis it has not been possible to culture bacteria from a significant proportion of placentas, fetal membranes, and amniotic fluid samples (14 -16) .
The identification of conserved microbial genes (e.g. ribosomal genes) to detect bacteria is a technique that has been applied to amniotic fluid successfully to improve this yield (18 -21) . We have applied such technology to lung lavage fluid from preterm infants. By detecting microbial 16s ribosomal Queensland, Australia) and the closest relatives for the sequence by BLAST searches of databases posted at http://www.ncbi.nlm.nih.gov/ to ensure the same results were obtained on each occasion. The repeatability of the technique was assessed by reanalyzing all positive and a selection of negative samples. Repeatability of the results was also ensured in the development phase and in a previous study (22) .
Detection of U. urealyticum by using specific primers. PCR was applied to all samples to detect presence of U. urealyticum by using specific primers to the urease gene (U5-CAA TCT GCT CGT GAA GTA TTA C and U4 -ACG ACG TCC ATA AGC AAC T) as previously described (22, 31) . Amplification by PCR with these primers resulted in a 428 bp product fragment of the components UreA and UreB of the U. urealyticum urease complex. Amplification was carried out using TaqDNA Polymerase (Abgene) at 95°C for 2 min followed by 30 cycles of 95°C for 30 s, 55°C for 40 s, and 72°C for 1 min followed by a 10-min extension cycle at 72°C. The reaction products were separated by agarose gel electrophoresis and the presence or absence of bands was identified by examination of the gels under UV illumination.
Measurement of IL-6 and IL-8 in tissues and fluid samples. IL-6 and IL-8 were estimated in supernatants using commercially available kits as per manufacturer's instructions (R & D Systems Europe, Oxford, UK). The lowest detection limit for undiluted samples was 0.7 pg/mL for IL-6 and 10 pg/mL for IL-8. Total protein was extracted from placenta and from fetal membranes after homogenizing in HEPES buffer and sonication as previously described (32) . IL-6 and IL-8 were measured by ELISA as above and the results expressed as picograms per milligram of protein.
Statistical analysis. The number of mother-baby dyads that needed to be studied was estimated by assuming that there would be a 70% concordance between the presence of antenatal infection (defined as presence of 16s rRNA genes in intrauterine samples) and the presence of inflammation (defined as IL-8 Ͼ20 pg/mL) and a 70% concordance between lack of 16s rRNA genes and inflammation. To achieve a power of 80% at p Ͻ 0.05 level, it was estimated that 36 mother-baby pairings would need to be studied. Data are expressed as medians Ϯ interquartile ranges (IQR). The data for IL-6 and IL-8 are given as picograms per milliliter of fluid and for solid tissues as picograms per milligram of protein. The nonparametric tests Kruskal-Wallis test was used to compare multiple groups and the Mann-Whitney U test to compare two unrelated groups. Fisher's exact test was used to compare associations between the presence of microbial material and the presence of funisitis or chorioamnionitis or the development of CLD of prematurity, defined as oxygen dependency at 28 d of age using a two-by-two or four-by-two table as appropriate.
RESULTS
Patient characteristics and samples collected. Forty-one preterm infants of Ͻ33 wk gestation born to 36 mothers were recruited. Of these, 10 infants were delivered to mothers with pPROM with membrane rupture occurring at least 1 h before onset of labor; 10 to mothers with spontaneous onset of preterm labor with intact membranes at onset of labor; 11 infants were delivered by cesarean section before the onset of labor for maternal (severe preeclampsia) or fetal reasons (compromised fetal growth or umbilical doppler flow abnormalities); and 5 mothers delivered preterm twins. The membranes were intact or had ruptured for Ͻ12 h before onset of labor in the twin pregnancies. Thirteen mothers had received antenatal treatment with antibiotics, including 8 presenting with pPROM, 2 with spontaneous preterm labor, and 1 with preterm twins.
Amniotic fluid was available from 14 deliveries. Gastric fluid was obtained soon after delivery from 29 infants. BAL fluid was obtained on the first day of life in 21 infants who required mechanical ventilation for respiratory disease. It was expected that the microbiology of gastric fluid and BAL fluid would reflect amniotic fluid microbiology as fetal lung fluid, gastric fluid, and amniotic fluid may be in continuity in utero. In this way, a fluid sample representative of the amniotic cavity was obtained in all but one delivery. Samples of chorionic plate and fetal membrane tissue were also obtained from most deliveries.
ANTENATAL INFECTION AND INFLAMMATION
Detection of 16s rRNA genes. From all deliveries, 16 had at least one sample positive for the presence of 16s rRNA (Table  1 ). It will be noted that, except for one sample showing a mixture of microbes in the placenta from the nonlaboring group delivered due to maternal or fetal reasons, all the remaining positive samples were either in the pPROM or spontaneous preterm labor groups (Table 1) . There were a variety of organisms identified from DNA sequencing of the positive samples. U. urealyticum was the most common organism identified and often was identified in multiple samples from the same mother-baby pairings. The other organisms identified are shown in Table 1 . Some of these have been previously shown to be common vaginal organisms (e.g. Gardnerella vaginalis). Organisms, such as Fusobacterium nucleatum, have previously been implicated in the pathogenesis of preterm labor (33) . In some instances, we were only able to state that a variety of organisms were present. Microbial 16s rRNA genes were most frequently identified in fetal membranes (n ϭ 9) and in gastric fluid (n ϭ 8), but as there were missing samples, especially for amniotic fluid and BAL fluid (which was only obtained if the infants was ventilated), only a few samples were positive ( Table 1) .
Evidence of infection was detected in all cases where there was evidence of chorioamnionitis or funisitis. There were four cases in which infection was detected but there was no evidence of chorioamnionitis or funisitis. Interestingly, all of these were from the spontaneous preterm labor groups (Table 1 ). In two of these, significant deciduitis was noted, whereas in the other two there was no histologic evidence of inflammation.
Identification of 16s rRNA genes in gastric fluid. Adequate samples of gastric fluid were obtained from 29 infants. In this subset, the delivery of eight infants was associated with cho- rioamnionitis or funisitis. There was no histologic evidence of inflammation in the remaining 21. By applying PCR to gastric fluid samples to detect 16s rRNA genes, microbes were detected in all cases of chorioamnionitis. No organisms were detected in the remaining cases without chorioamnionitis. Interestingly, the gastric fluid samples were always positive if any other intrauterine sample was also noted to be positive.
Culture results. Only four women were positive on routine bacterial cultures, with two each in the pPROM and spontaneous preterm labor groups. Two placental swabs grew Streptococcus pneumoniae and Enterococcus spp. and two amniotic fluid samples grew Streptococcus milleri and G. vaginalis. The corresponding results by using 16s rRNA were S. pneumoniae in gastric fluid but mixed species from placenta; F. nucleatum (an Enterococcus spp.) 16s rRNA genes isolated from placenta, fetal membranes, BAL fluid, and gastric fluid; mixed species from fetal membranes; and G. vaginalis in amniotic fluid. Thus, the detection of 16s rRNA genes identified those organisms cultured and also identified the presence of other microbial genes in several samples ( Table 1) .
Relationship of clinical characteristics and inflammation to detection of 16s rRNA genes. When we compared the clinical characteristics of the women-baby pairings who had at least one positive sample for 16s rRNA genes, we were unable to find any differences in the use of antenatal dexamethasone, mode of delivery, need for mechanical ventilation, use of surfactant, or development of respiratory distress syndrome or CLD of prematurity (Table 2) . Although there appears to be lower incidence of CLD in the 16s RNA genes-positive group, this difference is not significant and is likely to be due to the small numbers studied. One infant died from respiratory failure at 24 h (gestation 25 wk, birth weight 730 g) and U. urealyticum and Peptostreptococcus were identified in gastric fluid and Acinetobacter in fetal membrane. There were marked differences in inflammatory responses between the 16S rRNA group positive and negative groups. Marked differences in inflammatory responses between the two groups with highly significant differences were noted for IL-6 in placenta (p Ͻ 0.0001), fetal membranes (p Ͻ 0.0001), cord blood serum (p Ͻ 0.0001), amniotic fluid (p Ͻ 0.01), and d-1 BAL fluid (p Ͻ 0.05) (Figs. 1-3) . The results were very similar for IL-8 in the same samples in that marked statistical differences were noted between the two groups in placenta (p Ͻ 0.0001), fetal membranes (p Ͻ 0.0001), cord blood serum (p Ͻ 0.0001), amniotic fluid (p Ͻ 0.01), and d-1 BAL fluid (p Ͻ 0.05) (Figs. 1-3 ). Because twin pregnancies may have a different mechanism for initiating labor, we reanalyzed the data excluding these infants and found that significant differences remained for all samples for both IL-6 and IL-8. Preterm labor groups. We divided the mother-baby pairings into four delivery groups, namely i) pPROM, ii) spontaneous preterm labor group, iii) preterm delivery by cesarean section for maternal or fetal reasons, and iv) preterm twin deliveries. The patient characteristics are shown in Table 3 . There were no significant differences between the groups for gestational age, birth weight, antenatal dexamethasone use, ventilation, neonatal respiratory distress syndrome, need for mechanical ventilation, or CLD of prematurity defined as oxygen dependency at either 28 d or 36 wk postconceptual age. However, when we 
searched for antenatal infection by identifying the presence of 16s rRNA genes, the positive samples were found in the pPROM (7/10) and spontaneous preterm labors groups (8/10), with only one positive sample found in the nonlaboring group (which identified mixed growth in placenta). Furthermore, the cytokines IL-6 and IL-8 were markedly increased in placental tissue, fetal membranes, and cord blood serum from the pPROM and spontaneous preterm labor groups when compared with the twin deliveries and nonlaboring groups (all p Ͻ 0.05) (Figs. 4 -6 ). Few samples were available for amniotic fluid and BAL fluid from each group but there was a trend toward differences, with the highest concentrations of IL-6 and IL-8 seen in the pPROM and spontaneous labor groups.
DISCUSSION
This study examined the detection of microbes associated with preterm delivery using PCR detection of genes for 16S rRNA. It compared the results with the histologic presence of chorioamnionitis, and the levels of IL-6 and IL-8 in placental tissue, fetal membranes, and cord blood serum in deliveries at Ͻ33 wk gestation classified according to type of labor (pPROM, preterm labor, or elective delivery). By confining the work to deliveries at earlier gestation, we increased the likelihood of including infection-related deliveries (34 -35) . Although numerous studies have compared standard microbial culture techniques with histologic chorioamnionitis (14 -16,36) , cytokines with culture techniques (37) (38) (39) (40) (41) , and cytokines with histologic chorioamnionitis (42) (43) (44) (45) (46) , none has compared all parameters and included both fetal and maternal tissues from all subclassifications of preterm delivery.
By using PCR to examine for evidence of microbes, we have confirmed a higher rate of detection of infection associated with spontaneous preterm delivery than detected by standard culture techniques. Seventy percent of deliveries following pPROM and 80% of deliveries following preterm labor were associated with the presence of microbial rRNA in at least one tissue/fluid sample. Microbes were identified in samples from all deliveries with histologic chorioamnionitis, and in samples from four deliveries with no evidence of chorioamnionitis. However, two of these cases were associated with deciduitis, therefore, the presence of bacteria within the decidual component of the fetal membrane homogenate may have been detected by PCR. Where multiple samples from the same motherbaby pair were present, good correspondence between microbes identified was observed. Correspondence was also observed between microbes identified by standard culture techniques and those identified by PCR, suggesting that the technique is robust. Chorioamnionitis was present in 60% of deliveries arising from pPROM and 40% of deliveries following preterm labor. Chorioamnionitis has previously been associated with 36 -60% of placentas resulting from preterm labor with intact membranes (14, 16, 47) compared with 42-80% of placentas after pPROM (15, 45, 48) . Only a proportion of cases of chorioamnionitis have been associated with microbes isolated from either placenta (14) or amniotic fluid (16) . It has therefore been suggested that an inflammatory response and chorioamnionitis may occur in the absence of infection (16) . However, the outcomes of pregnancies in women with an intrauterine inflammatory response but negative amniotic fluid culture did not differ from those with a positive amniotic fluid culture (29) . The increased detection of microbes by PCR in this study would suggest that this former group is also likely to represent amniotic fluid infection. The increased detection rate of infection by PCR would suggest that almost all cases of chorioamnionitis following early preterm delivery are infection related. It is possible that differences between standard culture techniques and PCR may be due to variation in bacterial load, due to surface swabs being taken for culture as opposed to whole extracts used for detecting microbial 16s rRNA genes or difficulty in culturing many fastidious organisms that need specific culture media and conditions. Additionally, in this study, unlike in many others, we have selected only preterm deliveries of Ͻ33 wk.
Several studies have applied universal bacterial PCR to amniotic fluid obtained by amniocentesis from women in preterm labor (19, 20) or following premature rupture of membranes (18) . In one study, the sensitivity for the detection of infection by PCR was 95% compared with 76% by bacterial culture (19) and in another PCR detected infection in 55.5% and culture in 9.2% (20) . These studies are not directly comparable to ours as they applied PCR techniques to amniotic fluid to detect infection, whereas ours relied on both fluid samples and solid tissues, including those where a histologic inflammatory response, namely chorioamnionitis and funisitis, was observed.
This work suggests similar infection rates in preterm labor and pPROM, although the group sizes are very small. Previous work has suggested a higher rate of both chorioamnionitis and intrauterine infection associated with pPROM than with spontaneous preterm labor. However, some of the work on pPROM involves examination of tissues obtained after labor and delivery, and following a latency period after membrane rupture, and thus may by considered to reflect infection acquired after membrane rupture. Ghidini et al. (49) , however, found that the duration of the latency period in pPROM did not increase the rate of inflammation in placenta, fetal membranes, or cord examined after delivery. Our work, although having very small numbers, also supports previous work suggesting infection is 
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less common as a mechanism of preterm labor in twin pregnancies (5), and that a stretch mechanism may be the underlying cause of preterm delivery in multiple pregnancies.
We have sequenced the PCR products of the amplified 16s rRNA genes and have identified the closest relatives of the sequences using published databases. Most of these close relatives we have identified have been associated with clinical infections. U. urealyticum, Streptococcus agalactiae (Group B Streptococcus), and S. pneumoniae are well-known pathogens. Inasmuch as periodontal disease may be associated with preterm labor, the identification of the normal oral inhabitants Acinetobacter spp., Peptostreptoccus spp., and Leptotrichia spp. in intrauterine samples is an interesting observation (50) . Streptococcus milleri, also a beta-haemolytic, has been isolated from many infective sites and Gardnerella spp., commensals of the vaginal tract, are associated with vaginosis and possibly preterm labor and intrauterine infection.
Increased concentrations of inflammatory markers IL-6 and IL-8 in amniotic fluid have been previously related to preterm delivery (23, 24) . More specifically, elevations in both IL-8 and IL-6 have been associated with microbial invasion of the amniotic cavity in both pPROM (40) and preterm labor (39) . Increased IL-6 concentration in the fetus has suggested the presence of a fetal inflammatory response, and a role for the fetus in preterm labor (25) . We have identified higher levels of IL-8 and IL-6 associated with microbial presence in placenta, fetal membranes, cord blood serum, and BAL fluid, suggesting 
ANTENATAL INFECTION AND INFLAMMATION
that both mother and baby are exhibiting an inflammatory response. The association of increased cytokines with preterm labor and pPROM is consistent with the high rate of detection of microbes among these groups. Among the tissue and fluid samples used in this study were BAL fluid and neonatal gastric fluid wherever possible. Previous work examining the role of infection in preterm labor has almost exclusively examined amniotic fluid. This involves amniocentesis to obtain amniotic fluid, a procedure not routinely used in the management of preterm labor in the UK. As the amniotic fluid could be considered in continuum with fetal lung fluid and gastric fluid, microbes present within amniotic fluid could also theoretically be isolated from these latter sources. Fetal lung fluid can only be obtained by BAL from neonates who are ventilated, whereas gastric fluid is readily obtained from all newborn infants. Amniotic fluid was not obtained from the majority of patients in this study, thus preventing a direct comparison of the use of amniotic fluid with gastric fluid in the detection of infection. However, the results obtained from gastric fluid correlated completely with the presence/absence of chorioamnionitis. This is the first time that gastric fluid has been suggested as an alternative to amniotic fluid in the investigation of infection in preterm labor. There remains a need to examine the relationship between infection detected in gastric fluid and subsequent neonatal outcome. This approach would not have any clinical utility antenatally but could be used in the management of the newborn infant if the results were found to be associated with neonatal outcome. It would be useful as a research tool in future studies relating to infection and preterm delivery, to act as a surrogate for amniotic fluid and avoid amniocentesis.
There is increasing evidence implicating antenatal intrauterine infection in the pathogenesis of neonatal disease, particularly cerebral white matter lesions (51) and the development of CLD (11) . In addition, it has been postulated that the pulmonary inflammation observed in preterm infants who develop CLD (26, 27, 52) in many instances may arise from antenatal infection (53) . In this study, CLD was not associated with the development of respiratory distress syndrome, CLD, need for mechanical ventilation, or other neonatal outcomes, although to demonstrate such an association would require much larger numbers.
This work combines the use of PCR and a novel fluid, gastric fluid, to improve detection of infection associated with preterm labor. Although this may not have any direct utility in antenatal treatment of preterm labor and pPROM, it may have use in the neonatal treatment and may be used in research in place of amniotic fluid. Larger studies to confirm this work, and to relate the results to neonatal outcomes, will help define the utility of this approach.
